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The	   impact	   of	   microbial	   activity	   on	   the	   deterioration	   of	   cultural	   heritage	   is	   a	   well-­‐
recognized	   global	   problem.	   Architectural	   ceramics	   constitute	   an	   important	   part	   of	   the	  
worldwide	   cultural	   heritage.	   When	   exposed	   outdoors,	   biological	   colonization	   and	  
consequently	  biodeterioration	  may	  occur.	  A	  vast	  biodiversity	  has	  been	   identified	  on	  ceramic	  
materials,	  from	  bacteria	  to	  more	  complex	  organisms,	  such	  as	  plants.	  This	  worldwide	  problem	  
can	   cause	   functional,	   physical	   and	   chemical	   damages	   on	   most	   of	   the	   architectural	   ceramic	  
materials.	  
	  
1.	  Introduction	  	  
Architectural	   ceramics	   as	   building	   materials	   are	   used	   in	   the	   construction	   and	  
ornamentation	  of	  architectural	  work.	  Buildings	  and	  monuments	  with	  ceramic	  elements	  can	  be	  
found	   throughout	   the	   world.	   This	   work	   describes	   the	   biological	   colonization	   and	  
biodeterioration	  of	  architectural	  ceramics,	  namely	  bricks	  and	  architectural	  sculptures,	  roofing	  
tiles	  and	  glazed	  wall	   tiles,	   focusing	  only	  on	   traditional	  ceramics	   (clay-­‐based)	  described	   in	   the	  
literature	  review	  by	  Coutinho	  et	  al	  [1].	  
	  
2.	  Biodeterioration	  
The	  deterioration	  of	  ceramic	  materials,	  as	   in	  other	  building	  materials,	   is	   influenced	  by	  the	  
characteristics	   of	   the	   substrate	   (e.g.	   mineralogical	   composition,	   porosity	   and	   surface	  
roughness),	   environmental	   agents	   (e.g.	   wind,	   sunlight,	   temperature,	   rain	   and	   relative	  
humidity),	   microclimatic	   conditions	   (e.g.	   local	   urban	   geometry,	   building	   design	   or	   adjacent	  
materials),	  atmospheric	  pollution	  and	  biological	  colonization.	  Living	  organisms	  are	  capable	  of	  
interacting	  with	  materials	   causing	   changes	   in	   their	   properties.	  Whenever	   these	   changes	   are	  
undesirable	  they	  are	  referred	  to	  as	  biodeterioration	  (Hueck	  1965).	  Image	  1	  presents	  examples	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Image	  1.	  Examples	  of	  biodeterioration	  on	  different	  architectural	  ceramic	  materials:	  (a)	  North-­‐facing	  tile	  panel	  from	  
Casa	  da	  Pesca	  covered	  with	  a	  brown	  biofilm,	  (b)	  Tiles	  from	  a	  fountain	  located	  in	  Fronteira	  Palace	  with	  phototrophic	  
microorganisms,	  mosses	  and	  vascular	  plants,	  (c)	  Tiles	  	  from	  the	  Fronteira	  Palace	  with	  vascular	  plants	  in	  the	  mortars,	  
(d)	  glaze	  detachment	  due	  to	  growth	  of	  bryophyta	  in	  the	  Fronteira	  Palace,	  (e)	  ceramic	  floor	  tiles	  with	  dark	  coloured	  
biofilm	  and	  (f)	  ceramic	  roofing	  tiles	  with	  dark	  biofiom	  and	  vascular	  plants	  colonization.	  	  	  
	  
In	  the	  case	  of	  ceramic	  cultural	  heritage	  assets,	  biodeterioration	  can	  be	  functional,	  physical	  
and	   chemical	   (Table	  1),	   and	  most	  of	   the	   times,	   these	   three	  deterioration	   forms	   intertwined.	  
Table	  1	  summarizes	  the	  most	  common	  forms	  of	  deterioration	  described	  in	  the	  literature.	  
	  
Table	  1.	  Summary	  of	  the	  most	  common	  forms	  of	  ceramic	  biodeterioration.	  













n	   • production	   of	   organic	   pigments	   and	  
development	  of	  colored	  biofilms	  on	  surfaces	  
• 	  change	  of	   the	  visual	  appearance	  of	  
the	  materials	  [2-­‐5]	  	  
• development	   of	   biofilms	   and	  
accumulation	  of	  microbial	  biomass	  
• 	  alteration	  of	   isolation	   (thermal	  and	  













n	   • volume	   changes	   of	   microbial	   cells	  
during	  growth	  	  
• penetration	  of	  biological	  structures	  	  
• extracellular	   polymeric	   substances	  
(EPS)	  
• 	  disintegration	  of	  the	  ceramic	  matrix	  













n	   • direct	   action	   of	   metabolic	   products	  
exuded	  by	  organisms	  
• increase	  of	   capillary	   porosity	   of	   the	  
ceramic	  body	  [2][11-­‐13]	  	  
• lixiviation	  [14]	  	  
• chemical	  alteration	  [15]	  	  
• efflorescences	  [17-­‐16]	  
	  
3.	  Microorganisms	  on	  architectural	  ceramic	  materials	  
Biological	   colonization	   is	   strongly	   dependent	   on	   environmental	   conditions	   (e.g.	   wind,	  
sunlight,	   temperature,	   rain,	   relative	   humidity),	   microclimatic	   conditions	   and	   atmospheric	  
pollution	   [18](Warscheid	  and	  Braams,	  2000),	  with	  even	  the	   least	  bioreceptive	  surfaces	  being	  
readily	  colonized.	  The	  role	  and	  typology	  of	  the	  architectural	  ceramic	  materials	  determine	  their	  
exposure	  to	  weathering	  factors	  and	  consequently	  to	  biological	  colonization.	  
The	  overall	  biodiversity	  of	  ceramic	  materials	  described	  in	  the	   literature	  from	  1972	  to	  2014,	  
reported	  a	  total	  of	  70	  bacterial	  taxa,	  97	  cyanobacteria,	  65	  algae,	  49	  fungi,	  9	  lichens,	  4	  mosses	  
and	   18	   vascular	   plants	   identified	   as	   ceramic-­‐dwelling	   organisms	   [1].	   Image	   2	   shows	   diverse	  
types	   of	   microorganisms	   on	   ceramic	   and	   glazed	   substrates.	   The	   identification	   of	  
microorganisms	  was	  mainly	  performed	  by	  culturing	  methods,	  except	  for	  bacteria	  which	  were	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mostly	   identified	   by	   DNA-­‐based	   analysis.	   Lichens,	   bryophytes	   and	   vascular	   plants	   were	  
identified	  by	  phenotypic	  identification.	  At	  the	  current	  state	  of	  knowledge	  it	  was	  not	  possible	  to	  
establish	  any	  relation	  between	  a	  given	  organism	  and	  a	  certain	  ceramic	  typology.	  	  
	  
	  	  	  	  	  	  	  	  	  	  	  	   	  
Image	  2.	  Microorganisms	  on	  architectural	  ceramic	  materials:	   (a)	  biological	  colonization	  by	   lichens	  of	  the	  unglazed	  
and	  glazed	  ceramic	  elements	  of	  a	  garden	  bench	  situated	  in	  Sintra	  (Portugal),(b)	  mosses	  colonizing	  Roman	  bricks	  of	  
Ammaia	   (Portugal),	   (c)	   lichens	   and	   vascular	   plants	   colonizing	   ceramic	   roofing	   tiles,	   (d)	   glazed	  wall	   tiles	   from	   the	  
Sintra	  National	  Palace	  (Portugal)	  colonized	  by	  lichens,	  (e)	  SEM	  image	  of	  biological	  biofilm	  in	  a	  glaze	  fracture	  in	  the	  
tiles	  from	  Pena	  National	  Palace	  (Portugal)	  and	  (f)	  Optical	  microscopy	  image	  of	  ceramic-­‐glaze	  interface	  colonized	  by	  
phototrophic	  microorganisms.	  
	  
4.	  Bioreceptivity	  of	  architectural	  ceramic	  materials	  	  
The	   susceptibility	   of	   a	   given	   material	   to	   biological	   colonization	   is	   based	   on	   its	   intrinsic	  
properties	  and	  was	  defined	  by	  Guillite	  [19]	  as	  bioreceptivity.	   In	  the	  case	  of	  ceramic	  materials	  
the	   relation	   between	   intrinsic	   properties	   and	   bioreceptivity	   has	   been	   appraised	   by	   different	  
researchers	   through	   laboratory-­‐based	   colonization	   experiments	   (e.g.	   [20-­‐26]).	   Ceramic	  
bioreceptivity	   is	  mainly	  associated	  with	  ceramic	  physical	  characteristics,	  such	  as	  porosity	  and	  
surface	  roughness.	  Thus,	  the	  conservation	  condition	  of	  the	  materials	  is	  an	  important	  factor	  in	  
bioreceptivity	   [9].	  Similar	   to	  other	   inorganic	  materials	  a	  weak	  relationship	  between	  chemical	  
composition	   and	   bioreceptivity	   has	   been	   established	   [20-­‐21].	   However,	   the	   pH	   was	   been	  
pointed	  out	  as	  a	  factor	  causing	  inhibition	  of	  microbial	  growth	  on	  ceramic	  substrates	  [26].	  	  
	  
5.	  Investigation	  and	  control	  of	  biodeterioration	  
Currently,	   the	  main	   issues	   to	   be	   investigated	   in	   the	   area	   of	   biodeterioration	   of	   inorganic	  
building	   materials,	   that	   are	   part	   of	   our	   cultural	   heritage,	   can	   be	   summarized	   as	   (i)	  
characterization	  of	  biological	  community	  and	  its	  interaction	  with	  the	  substrate	  which	  is	  usually	  
based	   on	   taxonomic	   identification	   of	   colonizing	   organisms	   and	   analysis	   of	   the	   colonized	  
substrate;	  (ii)	  laboratory	  experiments	  to	  investigate	  the	  bioreceptivity	  and	  biodeterioration,	  in	  
order	   to	   overcome	   the	   complexity	   of	   deterioration	   factors	   and	   be	   able	   to	   understand	  
biodeterioration	  mechanisms;	  and	  (iii)	  research	  on	  control	  of	  microorganisms	  and	  preservation	  
methods	  to	  draw	  effective	  conservation	  strategies.	  
The	   eradication	   of	  microorganisms	   from	   inorganic	   building	  materials	   can	   be	   achieved	   by	  
several	   methods	   often	   combining	   more	   than	   one	   procedure	   [27-­‐29],	   such	   as	   mechanical	  
methods,	   physical	   methods	   (radiation	   ultra-­‐violet	   light,	   gamma-­‐radiation,	   microwaves,	  
thermal-­‐treatment)	  or	  chemical	  methods	  [29].	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In	  conclusion,	  biodeterioration	  of	  ceramic	  building	  materials	  causes	  cultural	  and	  economic	  
problems,	   since	   it	   seriously	   affects	   the	   properties,	   functionality,	   durability	   and	   resistance	   of	  
the	   materials.	   	   Thus,	   further	   research	   is	   crucial	   for	   understanding	   ceramic	   biodeterioration	  
mechanisms	  and	  carry	  out	  accurate	  and	  effective	  conservation	  interventions.	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